• Molecularly imprinted colloidal array (MICA) was used to visually detect TNT.
a b s t r a c t
We developed a photonic crystal (PhC) sensor for the quantification of 2,4,6-trinitrotoluene (TNT) in solution. Monodisperse (210 nm in diameter) molecularly imprinted colloidal particles (MICs) for TNT were prepared by the emulsion polymerization of methyl methacrylate and acrylamide in the presence of TNT as a template. The MICs were then self-assembled into close-packed opal PhC films. The adsorption capacity of the MICs for TNT was 64 mg TNT/g. The diffraction from the PhC depended on the TNT concentration in a methanol/water (3/2, v/v) potassium dihydrogen phosphate buffer solution (pH = 7.0, 30 mM). The limit of detection (LOD) of the sensor was 1.03 g. The color of the molecularly imprinted colloidal array (MICA) changed from green to red with an 84 nm diffraction red shift when the TNT concentration increased to 20 mM. The sensor response time was 3 min. The PhC sensor was selective for TNT compared to similar compounds such as 2,4,6-trinitrophenol, 2,4-dinitrotoluene, 2,6-dinitrotoluene, 2-nitromesitylene, 4-nitrotoluene, 2-nitrotoluene, 1,3-dinitrobenzene, methylbenzene, 4-nitrophenol, 2-nitroaniline, 3-aminophenol and 3-nitroaniline. The sensor showed high stability with little response change after three years storage. This sensor technology might be useful for the visual determination of TNT.
© 2016 Elsevier B.V. All rights reserved.
Introduction
Detection of explosives such as TNT is important to prevent incidents of terrorism [1] . In addition, detection of TNT is important because it's a carcinogen that is often found near military installations [2] . In the work here we describe the development of molecularly imprinted photonic crystal (PhC) sensors for TNT detection. These PhC sensors utilize the diffraction from periodic arrays of particles to determine analyte concentrations. This enables the visual determination of the concentrations of specific chemical and biochemical species [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . A somewhat related approach was recently taken by Fang et al., who utilized an inverse opal PhC sensor that used a hybrid monolayer of amino ligands and dye molecules to detect TNT vapor [13] . This sensor, which used fluorescence energy transfer is likely to be of less general utility.
Due to the high mechanical strength and flexibility, molecularly imprinted polymers (MIPs) were recently utilized to fabricate highly sensitive, selective and cost-effective molecular recognition materials [14] [15] [16] [17] . Referred to as antibody mimics, the artificial materials contain thousands to millions of target-shaped cavities, which could bind specific molecules [18] [19] [20] [21] and reduce the crossabsorptivity of the targets' analogues. And the state of MIPs have been used to enable TNT detection through the use of fluorescence [22, 23] , quartz crystal microbalance (QCM) [24, 25] and surface plasma resonance (SPR) measurements [26] . These sensors show high selectivity and sensitivity with a real-time and on-site detection result. However, the high technical knowledge requirements and harsh detection environments of these approaches still limit their utilization. By utilizing MIPs in PhC, we can develop selective detection devices to visually detect analytes such as TNT [14, 27] . We have been inspired in this work by recent advances in PhC sensors [28] [29] [30] .
We recently developed a MIP for selective TNT adsorption in real samples [31] and a molecularly imprinted colloidal array (MICA) for the sensing of endocrine disruptor compounds [32] by the selfassembly of molecularly imprinted colloidal particles (MICs). We are continuing the development of this material and this sensing technique by combining them to detect TNT. We described here a TNT sensor that can be used to visually estimate TNT concentrations in solution by the color of light diffracted from the PhC array sensor.
Experimental

Chemicals and materials
Acrylamide (AM) and TNT were purchased from Kermel Reagents Development Center. 2,4-Dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 2-nitromesitylene, 4-nitrotoluene (PNT), 2-nitrotoluene (ONT), 1,3-dinitrobenzene, methylbenzene, 4-nitrophenol, 2-nitroaniline, 3-aminophenol and 3-nitroaniline were purchased from Sinopharm. 2,4,6-Trinitrophenol (TNP) was purchased from Weiss Experiment Product Co. Ltd, China. Methyl methacrylate (MMA) was purchased from Bodi Chemical. Potassium persulfate (KPS) was purchased from Xilong Chemical. Potassium dihydrogen phosphate (KDP) and potassium hydroxide (KOH) were purchased from Beijing Chemical Plants and Feng Chuan Chemical Reagent Science and Technology Ltd, respectively. All of above chemicals were of analytical grade. Methanol and acetic acid were of chromatographic grade and were purchased from Yu Wang Industrial Co. Ltd. Beijing Chemical Plant provided the sulfuric acid (H 2 SO 4 , 98%) and hydrogen peroxide (H 2 O 2 , 30%) solutions. Deionized water was produced by an ultrapure water purifier manufactured by Aquapro (Chongqing, China).
The centrifuge tubes, glass tubes and slides (50 × 24 × 0.12 mm) were purchased from the Weiss Experiment Product Co. Ltd, China. The adhesive tape was purchased from Deli Tape Co. Ltd. The nylon membranes with 0.22 m diameter pores were provided by Agela Technologies.
Preparation of the MICs
The MICs were prepared by emulsion polymerization [32, 33] . Typically 0.17 mmol of the template molecule (TNT) and 1 mmol AM were dissolved in 7 mL of MMA in a 20 mL disposable scintillation vial. The mixture was sonicated for 20 min and then diluted with 85 mL water in a four neck flask (250 mL). The mixture was deoxygenated by bubbling with nitrogen at 75 • C. The polymerization was initiated by addition of 5 mL of KPS (0.74 mmol) buffer. The obtained mixture was stirred at 80 • C for 45 min.
The resulting MICs were centrifuged and washed with a methanol/acetic acid (8/2, v/v) solution until the TNT was undetectable by high performance liquid chromatography (HPLC). The particles were then washed four times with 15 mL methanol, and then water for 40 min each including 3 min of sonication.
Non-imprinted colloidal particles (NICs) were synthesized in the same manner but in the absence of TNT. Polymethyl methacrylate (PMMA) particles were also prepared in the same manner in the absence of TNT and AM comonomer.
Fabrication of MICA films
The MICA fabrication method is shown in Fig. 1 . The glass slides were cleaned and made hydrophilic by immersing them into a H 2 SO 4 /H 2 O 2 (7/3, v/v) solution and then rinsing them with water. The monodisperse MICs were dispersed in deionized water (0.25 wt%) and then stored in square glass containers in which the glass slides were immersed vertically. The MICs dispersion was evaporated at 30 • C for two days while exposed to a relative humidity of 50%. As the dispersion evaporated, the monodisperse MICs deposited three-dimensional (3D) close-packed MICA films on both sides of the glass slides. These MICA films attached to the slides were then pressed against the adhesive tape. The tape was removed such that the MICA peeled off the glass slides.
Characterization of MICs and MICA
To investigate the response of the MICs to TNT, we prepared 1 mL methanol/water (3/2, v/v) solutions at TNT concentrations between 2.5-20 mM. We then incubated 10 mg of MICs in 1 mL TNT solutions in 1.5 mL centrifuge tubes for 40 min. These dispersions were then centrifuged and the supernatant was collected and filtered through 0.22 m pore diameter nylon membranes prior to HPLC measurements. We used HPLC to determine the residual TNT remaining in the incubation solutions. The results were used to calculate the amount of TNT adsorbed by the MICs and NICs. A Quanta TM 250 scanning electron microscope (SEM) from FEI was utilized to obtain images by collecting secondary electrons with an Everhart-Thornley detector. We used a beam voltage of 5-20 kV with a working distance of 10 mm.
Particle sizes of MICs were measured with a Dynamic Light Scattering (DLS) instrument from Brookhaven Instruments Corporation. HPLC measurements were performed by using a Shimadzu LC-20AT HPLC instrument, with a detection wavelength of 235 nm. A Pronto SIL 100-5-C18HPLC column (4.6 × 250 mm, B&W) was used with a methanol/water (75/25, v/v) mobile phase with a flow rate of 1 mL/min.
The diffraction spectrum from the MICA was recorded using an Aventes 2048TEC fiber optic spectrometer with an Avalight-DH-S-BAL light source and a FC-UV600-2-SR fiber optic reflection probe. The films were cut into 10 × 5 mm pieces and equilibrated in a methanol/water (3/2, v/v) solution before measurements. The diffraction color changes of the films were recorded by a digital camera at a constant angle.
Results and discussion
MICs TNT binding
As discussed above we determined TNT binding by incubating 10 mg MICs for 40 min in 1 mL TNT methanol/water solutions (3/2, v/v). Subsequent HPLC measurements determined the TNT concentrations remaining after incubation. The linear range was 0.3-30 mM (Fig. S-1 ) with the limit of detection (LOD) of 3 × 10 −4 mM (S/N = 3). Fig. 2A shows that the MICs absorbed 44.9 mg TNT/g upon equilibrium in 1 mL 3.2 mM TNT solution. The MICs absorbed 2 more fold TNT than that did the NICs in an ∼8 mM TNT solution upon equilibrium. Fig. 2B shows that for an initial TNT concentration of 15 mM, absorption saturation occurred within 1 h with twice as much as TNT absorbed by the MICs compared to the NICs. The final residual TNT concentrations were found to be 11.8 mM and 13.7 mM after absorption of MICs and NICs reached equilibrium, respectively.
The higher TNT absorption of MICs compared to NICs, derived from the imprinting [21, 34] . By adopting the single site binding model [35] , we can calculate the adsorption capacity and the equilibrium binding constant, K a from the binding isotherms.
TNT binds not only to the imprinted cavities, but also binds with lower affinity to the sites containing amide groups distributed on the colloidal particles. By using a one site binding model, the resulting adsorption capacity was determined to be 63.6 mg/g and 31.8 mg/g for the MICs and NICs respectively. Thus, the MICs affinity is twice that of NICs. The equilibrium binding constant K a was determined to be 2.88 mM −1 and 0.55 mM −1 for the MICs and NICs respectively. If we define an imprinting efficiency parameter (I) as the ratio of equilibrium binding constants, I = K a MICs /K a NICs = 5.0.
Fabrication and characterization of the MICA
The MICs prepared by emulsion polymerization were monodisperse as shown in Fig. 3A . The MICs self-assembled on the surface of glass slides to form 3D MICA films as the solvent evaporates. We then transferred the MICA films from the glass slides to the adhesive tape. The resulting 3D MICA on the tape was not close-packed due to the mechanical strains occurred during the peeling off of the array from the glass slide. We then observed a ∼10 nm surface to surface particle spacing of the MICA (Fig. 3B) . The periodic structure of the MICA diffracts light according to Bragg's law. For an ordered array, the diffracted wavelength max follows:
where d is the diameter of the colloidal particles; m = 1 is the order of Bragg diffraction; n a is the average refractive index of the PhC; D/D 0 is the swelling ratio of the MICs; Â is the angle between the incident light and the normal to the crystal surface. n a can be calculated using Eq. (2):
when the MICA film is dry, n a is the average refractive indexes of PMMA colloidal particles (n 1 = 1.48) and air (n 2 = 1.00) [36] . We assumed a close-packed array with a volume fraction, f, of 0.74. If the incident light Â = 90 • , max depends only on d. If max occurs in the visible spectral region, the photonic crystal will appear brightly colored.
To experimentally determine the dependence of the diffraction wavelength on the particle diameter, we examined the diffraction of MICAs with particles of different diameters. The relationship of the particle diameter, the diffraction wavelength and the visually evident color is shown in Table 1 .
We compared value of max calculated from Eq. (1) with its measured value for the close-packed array. The factor, D/D 0 , was fixed as 1 when the film is dry. As shown in Fig. 4 , the measured max was slightly larger than the calculated. This probably resulted from the nonclose-packed expansion of the lattice constant, which caused by the mechanical strains during the peeling off of the array from the glass slide. 
MICA detection of TNT
The dependence of diffraction of the MICA films (10 × 5 mm) in response to 5 mM TNT solutions under different pH, temperature and ionic strength solutions was monitored in 10 mL solutions using a fiber optic spectrometer. For these measurements, the MICA films were removed from solution after the TNT adsorption saturated. The films were then gently blotted dry. The diffraction of 180 • back diffracted light was measured, and the color changes were observed within 3 min. We observed that the diffraction red shifted 37 nm in response to a 5 mM TNT methanol/water (3/2, v/v) solution, while it red shifted 45 nm in response to a methanol/water solution that contained KDP (3/2, v/v, 10 mM KDP buffer, pH 7.0).
Thus, the diffraction wavelength also depended on the KDP concentration. For 5 mM TNT, the diffraction was further increased by ∼15 nm when the KDP concentration was increased to 30 mM. SEM measurements showed that the particle diameter increased ∼5 nm upon immersion in 30 mM KDP buffer in the absence of TNT. Thus, KDP induced particle swelling may be partially responsible for the increased red shift.
To investigate the response of the MICA to 0-20 mM TNT solution concentrations, we incubated MICA and non-imprinted colloidal array (NICA) films (10 × 5 mm pieces) in 10 mL TNT methanol/water solutions (3/2, v/v, 30 mM KDP buffer, pH 7.0). Fig. 5 shows the MICA and NICA diffraction spectra, photographs of the sensors after equilibration and the dependence of the diffraction red shift on the TNT concentration.
The diffraction red shift increased with the TNT concentration. The diffraction red shifted 48 nm from 533 nm to 581 nm (9% increase) for 5 mM TNT, with the color changing from green to yellow green. The redshift was ∼60 nm (11%) for 10 mM TNT. For 20 mM TNT, the MICA color shifted from green through greenyellow, to yellow, to orange and finally to red, for a total shift of 84 nm (16%). The Fig. 5A inset shows the colors of the MICAs for different TNT concentrations.
In contrast, the NICA films showed less than a 40 nm red shift (8%) for a 20 mM TNT concentration. PMMA colloidal array films showed only a 9 nm red shift (∼2%).
The MICA diffraction shift in response to a 20 mM TNT solution was visually evident within 3 min and the diffraction shift saturated within 15 min. The LOD of this MICA sensor to TNT was calculated to be 1.03 g, by assuming a minimum instrument detectable diffraction shift of 0.5 nm.
We used DLS to investigate the dependence of the particle diameter to the TNT concentration. For 10 mM TNT the MICs swelled 21 nm (∼7%) from 304 nm to 325 nm. In contrast, the NICs only swelled 8 nm (3%) from 247 nm to 255 nm; while the PMMA particles only swelled 2 nm (1%) from 194 nm to 196 nm (Table 2) .
Obviously, the MICA diffraction red shifts did not simply result from swelling of the particle; the relative diffraction shifts should be proportional to the particle diameter increased for a closepacked system. In contrast, the MICA redshift was ∼2-fold larger than the particle diameter increase in response to adsorption of TNT. The increases in the MICA refractive indexes possibly shortened the incident light wavelength within the MICA sensor adding to the measured diffraction red shift.
As evident from Fig. 5 , the TNT concentration can be roughly estimated from the color of MICA. For example, when the MICA film turned yellow, the concentration of TNT was ∼8 mM.
To explore the selectivity of the MICA, we incubated the MICA in methanol/water (3/2, v/v) solutions containing 10 mM 2,4-DNT, 2,6-DNT, TNP, 2-nitromesitylene, PNT, ONT, 1,3-dinitrobenzene, methylbenzene, 4-nitrophenol, 2-nitroaniline, 3-aminophenol and 3-nitroaniline, respectively. The responses of MICA to these analogues are shown in Fig. 6A . The response of the TNT imprinted MICA to TNT was much higher than that to its analogues. Unlike the MICA, without the target-shaped cavities inside the particles, the analogues of TNT were just able to coat on the surface of NICA, which render a more obvious but similar particle size increasing and red shifts. Only for TNT did the MICA a selectivity compared to the NICA. Fig. 6B shows the specificity as calculated by the relative diffraction shift response for 10 mM TNT, compared to that for another analogue at 10 mM. The specificity increased as the structure of the analogues increasingly differs from that of TNT. The less the structural similarity, the less the analogue bound to the TNT imprinted cavities. Negligible specificity for the NICA was observed.
The stability of these MICA films was investigated, which were stored at room temperature without any intentional moisture control for three years. Over this time, less than a 2 nm diffraction change was observed for sensing 5 mM TNT. The reversibility of MICA diffraction was evaluated by alternatively sensing TNT and then washing off the TNT with 10 mL methanol/aqueous (7/3, v/v) solutions. Fig. 7 shows that the MICA diffraction response was reversible over five cycles with a standard deviation of 3%.
Actually, there are lots of meaningful works about TNT sensor based on imprinted materials, and every single method has different emphases, advantages and drawbacks. To evaluate the characteristics of this work and further compare it with other similar detection systems, a table was provided (Table 2) .
Conclusions
We demonstrated a simple and low cost visual sensing methodology for TNT determination that utilized a self-assembled molecularly imprinted PhC. The TNT imprinted MICA showed selectivity for TNT compared to a broad range of chemical analogues. This MICA sensor was very stable with little response change after three years storage. It visually sensed TNT solutions reversibly. Hopefully, after improving the accuracy and sensitivity, these MICA sensors may also be used to achieve the visual detection results for TNT or other nitro-compounds vapor in an open atmospheric place.
